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Executive Summary 
It is important to understand the role of salt in the coating failure because it may 
influence the coating degradation mechanism that is related to coating performance. This project 
will study the role of salt on two types of organic coatings under two different immersion 
environment. The environment selected was 3.5% by weight sodium chloride solution and 
deionized (DI) water. The two coatings were Neorez 1080 (a waterborne polyurethane) and 
Joncryl 587-AC (a solvent borne polyurethane). Each coating was tested in each environment 
using electrochemical impedance spectroscopy (EIS) measurement which presented a total of 
four data sets. The data collected shows that the sodium chloride helps accelerate the degradation 
of a coating compared to DI water. Looking at the data it can be seen that in most cases the 
coatings degraded during the immersion time. The only one exception was the sample of Neorez 
in DI water that the coating did not show the degradation during the immersion time. This is not 
an error with this sample because the plots were very normal in nature and occurred over 
multiple days. The equivalent circuit modeling was used to fit the EIS data in order to study the 
physical behavior of the coating. The fitting software shows the best fit for each data.  From the 
equivalent circuit modeling, the coating capacitance and coating resistance can be obtained in 
order to demonstrate the coating failure mechanism. All coatings followed the same trend of 
increasing capacitance as time went on due to the absorption of water into the coating. The 
conclusion is that a sodium chloride solution will cause rapid coating failure compared to DI 
water for the two types of coatings evaluated in this project. 
 I was taught from this honor project that in the real world perfect results are hard to 
obtain. In a real experimental study, you may have a chance of running into something that can 
mess up your data. I learned that in order to obtain good data you should perform a test multiple 
times with multiple samples. That’s why we need duplicates to verify our observations and avoid 
errors caused by personal operations or procedures. I also learned how to conduct EIS 
measurement and evaluate the results from an EIS test. In addition, there were a lot of polishing 
work for steel plates in the beginning of the project. I got the hands-on experience to polish steel 
panels to an ASTM standard for coating application. I also learned the technique of using a 
drawdown bar for applying coatings to get the desired thickness. Another thing that was valuable 
to a possible career is coating formulations. For example, how to calculate the amount of curing 
agent needed for an epoxy resin and how the solvent affects the coating thickness after drying. I 
also learned that it is important to bake samples before testing especially if using a waterborne 
coating or if the samples haven’t had a long time to dry. By doing this project I realized that I 
like coating formulation and development and I would like to pursue a career in this field. Not 
only did it show me a possible career option but it also showed me all the work that is done for a 
publication such as a journal paper. The results of these tests can benefit society by showing the 
role of salts in coating degradation. For future work, it is recommended that the coating being 
applied is done in a way to avoid flaws. It would also be recommended to measure the pH each 
time and purge nitrogen into the DI water before the test when using DI water as the immersion 
solution. It is advised to prepare more samples as duplicates for multiple tests. This is done so 
that when one fails you don’t have to start from the beginning with a new sample. If one of the 
samples fails it can be concluded that it is an error in coating application and not due to the 
diffusion through the coating.  
Introduction 
Coatings are used for many different things, from cars to concrete to protect them from 
many different things like corrosion. So it is important that these coatings can last as long as 
possible to get the most life out of the object. The problem with coating is that they themselves 
degrade in many different ways. One way coatings are degraded is by chemicals when a 
substance that should not come into contact with the coating does and results in a breakdown of 
the coating. Another coating degradation mechanism is thermal degradation which occurs when 
the substrate or coating gets too hot and causes the coating to break down.  One more method of 
coating degradation is water diffusion. Diffusion of water into organic coatings is a big problem. 
The absorption of water leads to coating degradation which can lead to many problems. It is 
important to study this diffusion phenomenon because it will lead to improve coating lifetime. It 
is important to understand the role of salt in the coating failure because it may influence the 
coating degradation mechanism that is related to coating performance. We chose two types of 
polyurethane coatings to see the role of salts on the coating’s degradation. The two types of 
polyurethane were Joncryl 587-AC (an acetone borne polyurethane) and Neorez 1080 (a 
waterborne polyurethane). Both coatings were applied with a dry thickness about 50µm. Then 
the coating’s barrier properties were evaluated by EIS measurement. 
Background 
 In the paper “Comparisons of Clear Coating Degradation in NaCl Solution and Pure 
Water”, their results were that DI water was more harmful to the coating than the sodium 
chloride solution and the results of this paper should reflect these results. The main difference is 
in the journal paper there was only one polyurethane coating being tested whereas this project 
evaluated two different polyurethane coatings. Also, the testing procedures are somehow 
different from the paper. There isn’t much literature on the specific topic on the diffusion of 
different substances through coating films. The literature reviewed for a related study conducted 
their studies using electrolyte not DI water. In the ASM Hand book they mention how pure water 
can be more detrimental to a coating due to the acidity that the water can achieve through just 
absorbing carbon dioxide from the air. Water diffusion is one of the main causes of coating 
degradation and occurs fast at first but then slows down. This is due to the water quickly filling 
gaps in the coating due to gaps and voids caused by evaporating solvents and shrinkage while 
curing. After the coating fills the gaps and voids it starts to diffuse into the coating through 
osmotic pressure.  
Experimental Methods 
Coating and Sample Preparation 
 In order to prepare samples for EIS testing, polished metal plates were ordered from a 
company called Q-Panel that had followed the ASTM standards A1008, A-109 and QQS-698. 
The Q-panels were removed from packages and were cleaned with acetone and wiped with kem 
wipes in order to remove any contaminates that could be present on the surface. After wiping the 
samples were left in a fume hood to dry. During this time the coatings were being mixed for 
application. The first coating was Joncryl 587-AC. In order to prepare it, the polyurethane was 
dissolved in a 50% by mass mixture of acetone with 50% by mass polyurethane. It was then well 
mixed and placed in an ultrasonic cleaner to be degasified. The polyurethane coating Neorez 
1080 was premixed and ready to apply. The coating was poured into a small plastic beaker to be 
applied.  
Coating Application 
 In order to apply the coatings, a drawdown bar was used on an automatic pusher in order 
to apply the right thickness of the coating and to keep it consistent across all of the samples. To 
use the drawdown bar, one of the metal plates that were cleaned was placed on the automatic 
pusher; then the drawdown bar was placed on that sample. By using a disposable eye dropper, 
some of the coating that was prepared was placed inside the drawdown bar, so that there was 
enough of the coating to cover the majority of the surface. The automatic pusher was then turned 
on and the sample was pulled over the surface giving a uniform coating. This was repeated 5 
times for each sample and were left to dry for 24 hours. After 24 hours the samples were then 
taken to an oven and baked at 120°C for 60 minutes, and then they were moved out and allowed 
to cool. After they were cooled, an eddy current gauge was used to measure the thickness of the 
coating. The thickness measurement was done in 10 spots across the surface of the plate to get an 
average thickness.  
EIS Measurement 
 The coating samples were set up for EIS testing by placing an O-ring on the surface of 
the plate which looked to have the least amount of defects if any. Then a glass cylinder, with a 
recess that fits the O-ring, was placed on the O-ring and clamped down to make a water tight 
seal. Then either 40 mL of 3.5% by weight sodium chloride solution was added to the glass 
cylinder or 40 mL of DI water was added depending on which of the test was conducted. 
The prepared samples then had a saturated calomel electrode (SCE) electrode placed in 
them along with a counter platinum mesh electrode. The electrochemical cells were then left for 
30 minutes to allow for them to reach equilibrium and then they were placed in a faraday box 
that blocks out possible electrochemical noise from the environment.  Then the connectors were 
attached to the plate, the counter electrode, and the SCE electrode. The potentiostat was then 
turned on and the data was collected for the range of frequencies 10-2 to 105Hz at 15 mV. After 
the data was collected, the electrodes were removed and the cylinders sealed off. The samples 
were then placed in a safe place so that they could be put back through the EIS test at a later 
time. EIS testing continued regularly until failure of the coating at which point the glass 
cylinders were removed and the next set of test began.  
Data and Results 
The Bode plot and Nyquist plot for Joncryl in 3.5% by weight sodium chloride is shown in 
Figure 1 and Figure 2, respectively. The individual graphs are presented in the appendices. From 
Figure 1 and Figure 2, the polarization resistance (Rp) can be obtained to demonstrate the 
coating degradation. Also, the double layer capacitance (Cdl) can be obtained using Randles 
(figure 5) or CPE models. The results of the polarization resistance and the double layer 
capacitance are also reported in Table 3. 
 
Table 1: The thickness of the Joncryl coating for the immersion tests. 
3.5% salt Joncryl  DI Water  Joncryl 
# of 
measurement 
Thickness 
(µm) 
 # of 
measurement 
Thickness 
(µm) 
1 54.6  1 55.9 
2 61.6  2 61.8 
3 66.5  3 61.6 
4 49.9  4 55.1 
5 51.5  5 54.9 
 6 52.6  6 56.4 
7 56.6  7 57 
8 58.7  8 59 
9 52  9 58.7 
10 60.4  10 56.3 
Average 56.44  average 57.67 
 
 
 
 
 
Figure 1: Bode plot for Joncryl in 3.5% wt sodium chloride solution. 
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 Figure 2: Nyquist plot for Joncryl in 3.5% wt sodium chloride solution. 
The Bode plot and Nyquist plot for Joncryl in DI water is shown in Figure 3 and Figure 4, 
respectively. The individual graphs are presented in the appendices. From Figure 3 and Figure 4, 
the polarization resistance (Rp) can be obtained to demonstrate the coating degradation. Also, the 
double layer capacitance (Cdl) can be obtained using Randles (figure 5) or CPE models. The 
results of the polarization resistance and the double layer capacitance are also reported in Table 
3. 
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Figure 3: Bode plot for Joncryl in DI water. 
 
 
 
1
10
100
1000
10000
100000
1000000
10000000
100000000
1E+09
0.01 1 100 10000 1000000
Z 
(o
h
m
)
frequency (Hz)
Impedance Joncryl DI water
Day 1
Day 2
Day 5
Day 6
Day 7
-100
-90
-80
-70
-60
-50
-40
-30
-20
-10
0
0.01 1 100 10000 1000000
P
h
as
e
 a
n
gl
e
frequency (Hz)
Phase Angle Joncryl DI water
Day 1
Day 2
Day 5
Day 6
Day 7
 Figure 4: Nyquist plot for Joncryl in DI water. 
 
 
Figure 5: A Randles circuit used to model the circuit for Tables 1 and 2 to generate a best fit.3  
The Bode plot and Nyquist plot for Neorez in DI water is shown in Figure 6 and Figure 7, 
respectively. The individual graphs are presented in the appendices. From Figure 6 and Figure 7, 
the polarization resistance (Rp) can be obtained to demonstrate the coating degradation. Also, the 
double layer capacitance (Cdl) can be obtained using Randles (figure 5) or CPE models. The 
results of the polarization resistance and the double layer capacitance are also reported in Table 
3. 
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Table 2: The thickness of the Neorez coating for the immersion tests. 
3.5% salt Neorez  DI Water  Neorez 
# of 
measurement 
Thickness 
(µm) 
 # of 
measurement 
Thickness 
(µm) 
1 42.8  1 57 
2 52.4  2 45.1 
3 48.8  3 44.4 
4 57.5  4 53.9 
5 53.9  5 49.8 
6 50.3  6 47.7 
7 50.5  7 48.2 
8 57.8  8 56 
9 48.8  9 53.1 
10 36.3  10 46.4 
average 49.91  average 50.16 
 
 
 
 
 
 
 
 
 
 
 Figure 6: Bode plot for Neorez in 3.5% wt sodium chloride solution. 
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Figure 7 Nyquist plot for Neorez in 3.5% wt sodium chloride solution. 
 
The Bode plot and Nyquist plot for Neorez in 3.5% by weight sodium chloride is shown in 
Figure 8 and Figure 9, respectively. The individual graphs are presented in the appendices. From 
Figure 8 and Figure 9, the polarization resistance (Rp) can be obtained to demonstrate the 
coating degradation. Also, the double layer capacitance (Cdl) can be obtained using Randles 
(figure 5) or CPE models. The results of the polarization resistance and the double layer 
capacitance are also reported in Table 3. 
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 Figure 8: Bode plot for Neorez in DI water. 
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 Figure 9: Nyquist plot for Neorez in DI water. 
Discussion/Analysis 
 The results of the Joncryl coating in 3.5% by weight sodium chloride solution were 
interesting because the coating didn’t last very long in the salt solution. This short amount of 
time didn’t allow for a lot of data collection which makes it hard to draw any conclusions 
because the failure could be attributed to a flaw in the coating or inadequate coating thickness. It 
would be preferable to repeat this test a few more times with different batches of coated plates 
instead of only using plates from the same batch for the test. This could have prevented some 
uncertainty in the original integrity of the coating that was not done in this test due to time 
constraints. Looking at the other side of the test with the DI water, it can be observed that the 
coating seemed to do a good job of preventing oxidation of the steel surface. There was a 
problem with some of the data on day 2. It showed a higher coating degradation than that of the 
same sample 3 days later, so this data should be not considered in any conclusions unless it were 
to show up in further tests of the Joncryl coating in DI water. It should also be noted that some of 
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the data was omitted for modeling purposes that may lead to some higher coating degradation 
rates than hand calculations. 
 For the Neorez in sodium chloride, it is in the same situation as that of Joncryl which 
failed within a few days. This may be due to flaws in the coating or bad application of the 
coating which caused a premature failure. More tests should be conducted on coatings from 
different batches to make sure that coatings are applied correctly and evenly. The EIS data 
showed that the coating did get worse over time which can be seen in the coating degradation 
rates that you would expect during the test. The graphs for the Neorez samples used in the DI 
water showed coating degradation decreases over time which is not expected. It is also 
observable that the DI water samples for the Neorez show very regular curves and were modeled 
very well by both models. 
 Based on the data collected, it can be seen that the presence of sodium chloride greatly 
shortens the length of the coating life. This could be due to the corrosive nature of sodium 
chloride and it diffuses through the coating to cause the failure of the coating. This conclusion 
disagrees with the paper “comparison of clear coating degradation in NaCl solution and pure 
water” published in the journal of Progress in Organic Coatings where the conclusion is that the 
pure water causes coating to fail faster because “the larger activity and diffusion coefficient of 
water at lower concentrations of ions.” Reading deeper into the paper it can be seen that the test 
was carried out similarly but the test in the paper tested more coatings and had more samples per 
coating. In addition, the testing procedure is different than this project. Also in the paper each 
one of their results shows that the pure water was more detrimental to the coating. This is 
important because one of the coatings was polyurethane.  I would have to disagree with my 
results until further testing can be done to prove that the early failures of the coatings was an 
error in coating application or coating integrity. 
 The reason for the coating degrading being less in the sodium chloride is that diffusion of 
water thought the coating is faster in DI water due to the lack of ions in the solution.1There might 
also be another mechanism at work according to the book “Protective organic coatings”. It 
mentions that even pure water can have a lower pH due to dissolved gases like CO2. These 
dissolved gases increase as the ions in solution decrease meaning that the DI water can absorb 
these gases more. If this test were to be repeated, it would be recommended to take pH 
measurements in conjunction with EIS testing.  The pH difference caused by the dissolved gas is 
possibly the reason for water being more detrimental to the coating.  The future test should also 
include a sample that has been degassed through a nitrogen bubbler for a control. 
 
 
 
Table 3: Equivalent circuit modeling results for the Joncryl polyurethane coating. 
Joncryl Coating data 
Data 
set 
Day ωmax 
Randles fit CPE fit Corrosion 
rate 
(mpy) 
Cdl(F) Rp(Ω) Rs(Ω) Cdl(F) Rp(Ω) Rs(Ω) 
Joncryl 
3.5% wt 
salt 
1 74.25518 7.10E-09 21940 441.4 1.58945E-07 57710 0.00 8.60E-04 
2 25.04376 2.41E-05 1291 248.7 3.38157E-05 2082 191.50 2.39E-02 
3 26.60813 6.76E-05 716.2 103.1 7.80848E-05 1414 74.89 3.51E-02 
4 Failed 
Joncryl 
DI 
1 83.52561 1.10E-09 31170000 22880 1.49E-09 3.97E+07 20110.00 1.25E-06 
2 87.0859 1.31E-09 1.16E+08 2.12E+03 2.12E-09 1.62E+04 2094.00 3.07E-03 
 Table 4: : Equivalent circuit modeling results for the Neorez polyurethane coating. 
Neorez coating data 
Data set Day ωmax Randles fit  CPE fit Corrosion rate 
(mpy) Cdl(F) Rp(Ω) Rs(Ω) Cdl(F) Rp(Ω) Rs(Ω) 
Neorez 3.5% 
wt salt  
1 87.43537 1.54E-09 7.27E+06 108.9 1.84E-09 7.38E+06 2.31E-01 6.73E-06 
2 87.36259 1.42E-09 1.89E+06 115.8 1.74E-09 1.94E+06 1.19E-04 2.56E-05 
3 Failed 
Neorez DI 
Water  
1 85.6957 1.67E-09 9.54E+07 1.25E+04 1.82E-09 1.01E+08 1.18E+04 4.91E-07 
2 86.42789 1.59E-09 1.14E+08 6.72E+03 1.73E-09 1.20E+08 6.32E+03 4.13E-07 
5 86.69025 1.58E-09 1.13E+08 3.46E+03 1.73E-09 1.19E+08 3.19E+03 4.18E-07 
6 86.92611 1.58E-09 1.27E+08 3.16E+03 1.72E-09 1.35E+08 2.90E+03 3.69E-07 
7 86.82586 1.58E-09 1.24E+08 2.38E+03 1.71E-09 1.31E+08 2.17E+03 3.80E-07 
  
Figure 10: Fitting for Joncryl sample in 3.5% sodium chloride solution day 1 using randles curcit and CPE 
modles. 
Water 5 86.8 1.18E-09 8.08E+07 3.51E+03 1.29E-09 8.32E+07 3260.00 5.97E-07 
6 87.23777 1.17E-09 1.07E+08 2.74E+03 1.26E-09 1.10E+08 2546.00 4.51E-07 
7 87.05323 1.18E-09 6.79E+07 1.99E+03 1.31E-09 7.07E+07 1773.00 7.02E-07 
  
Figure 11: Fitting for Joncryl sample in 3.5% sodium chloride solution day 2 using randles curcit and CPE 
modles. 
 
  
Figure 12: Fitting for Joncryl sample in 3.5% sodium chloride solution day 3 using randles curcit and CPE 
modles. 
  
Figure 13: Fitting for Joncryl sample in DI water day 1 using randles curcit and CPE modles. 
 
Figure 14: Fitting for Joncryl sample in DI water day 2 using randles curcit and CPE modles. 
 
 Figure 15: Fitting for Joncryl sample in DI water day 5 using randles curcit and CPE modles. 
 
 
Figure 16: Fitting for Joncryl sample in DI water day 6 using randles curcit and CPE modles. 
 Figure 17: Fitting for Joncryl sample in DI water day 7 using randles curcit and CPE modles. 
 
Figure 18: Fitting for Neorez sample in 3.5% sodium chloride solution day 1 using randles curcit and CPE 
modles. 
 
 Figure 19: Fitting for Neorez sample in 3.5% sodium chloride solution day 2 using randles curcit and CPE 
modles. 
 
 
Figure 20: Fitting for Neorez sample in DI water day 1 using randles curcit and CPE modles. 
 Figure 21: Fitting for Neorez sample in DI water day 2 using randles curcit and CPE modles. 
 
Figure 22: Fitting for Neorez sample in DI water day 5 using randles curcit and CPE modles. 
 Figure 23: Fitting for Neorez sample in DI water day 6 using randles curcit and CPE modles. 
 
Figure 24: Fitting for Neorez sample in DI water day 7 using randles curcit and CPE modles. 
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Appendices 
𝑍𝑡𝑜𝑡(𝜔) = 𝑅𝑠 +
𝑅𝑝
1 + 𝜔2𝑅𝑝
2𝐶𝑑𝑙
2 − 𝑗 (
𝜔𝑅𝑝
2𝐶𝑑𝑙
1 + 𝜔2𝑅𝑝
2𝐶𝑑𝑙
2) (equation 1) 
𝑍𝑡𝑜𝑡(𝜔) = 𝑅𝑠 𝑤ℎ𝑒𝑛 𝜔 = 0 (equation 2) 
𝑍𝑡𝑜𝑡(𝜔) = 𝑅𝑠 + 𝑅𝑝 𝑤ℎ𝑒𝑛 𝜔 = 1 (equation 3) 
𝜔𝑚𝑎𝑥 = 2𝜋𝑓𝑚𝑎𝑥(equation 4) 
𝐶𝑑𝑙 =
1
2𝜋𝑓𝑚𝑎𝑥𝑅𝑝
(equation 5) 
𝐼𝑐𝑜𝑟𝑟 =
𝛽𝑎𝛽𝑐
𝑅𝑝2.303(𝛽𝑎+𝛽𝑐)
(equation 6) 
𝐶𝑒𝑞 = 𝐴(𝜔𝑚𝑎𝑥)
∝−1(equation 7) 
Ztot – impedance total 
Rs – solution impedance 
Rp –coating impedance 
Cdl –double layer capacitance 
ω –phase angle 
𝑓𝑚𝑎𝑥- maximum frequency  
A –inverse of the CPE magnitude 
α –measure of capacitence behavior 
𝑗-  √−1 
Icorr –current that the working electode sees 
𝛽𝑎- anodic tafle slode 
𝛽𝑐- cathodic tafle slode 
 
 Figure 25: Bode plot of Joncryl in 3.5% wt salt of Day 1. 
 
Figure 26: Nyquist plot of Joncryl in 3.5% wt salt of Day 1. 
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 Figure 27: Bode plot of Joncryl in 3.5% wt salt of Day 2. 
  
Figure 28: Nyquist plot of Joncryl in 3.5% wt salt of Day 2. 
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 Figure 29: Bode plot of Joncryl in 3.5% wt salt of Day 3. 
 
Figure 30: Nyquist plot of Joncryl in 3.5% wt salt of Day 3. 
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 Figure 31: Bode plot of Joncryl in DI Water of Day 1. 
 
 
Figure 32: Nyquist plot of Joncryl in DI Water of Day 1. 
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 Figure 33: Bode plot of Joncryl in DI Water of Day 2. 
 
Figure 34: Nyquist plot of Joncryl in DI Water of Day 2. 
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 Figure 35: Bode plot of Joncryl in DI Water of Day 5. 
 
 
Figure 36: Nyquist plot of Joncryl in DI Water of Day 5. 
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 Figure 37: Bode plot of Joncryl in DI Water of Day 6. 
 
Figure 38: Nyquist plot of Joncryl in DI Water of Day 6. 
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6
 Figure 39: Bode plot of Joncryl in DI Water of Day 7. 
 
 
Figure 40: Nyquist plot of Joncryl in DI Water of Day 7. 
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 Figure 41: Bode plot of NeoRez in 3.5% wt salt of Day 1. 
 
 
Figure 42: Nyquist plot of NeoRez in 3.5% wt salt of Day 1. 
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 Figure 43: Bode plot of NeoRez in 3.5% wt salt of Day 2. 
 
 
Figure 44: Nyquist plot of NeoRez in 3.5% wt salt of Day 2. 
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Figure 45: Bode plot of Neorez in DI Water of Day 1. 
 
 
Figure 46: Nyquist plot of Neorez in DI Water of Day 1. 
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Figure 47: Bode plot of Neorez DI in DI Water of Day 2. 
 
 
Figure 48: Nyquist plot of Neorez in DI Water of Day 2. 
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Figure 49: Bode plot of Neorez in DI Water of Day 5. 
 
 
Figure 50: Nyquist plot of Neorez in DI Water of Day 5. 
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Figure 51: Bode plot of Neorez in DI Water of Day 6. 
 
Figure 52: Nyquist plot of Neorez in DI Water of Day 6. 
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 Figure 53: Bode plot of Neorez in DI Water of Day 7. 
 
Figure 54: Nyquist plot of Neorez DI in DI Water of Day 7. 
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Salts Effect on Coating Degradation  
It is important to understand the role of salt in the coating failure because it may 
influence the coating degradation mechanism that is related to coating performance. This project 
will study the role of salt on two types of organic coatings under two different immersion 
environment. The environment selected was 3.5% by weight sodium chloride solution and 
deionized (DI) water. The two coatings were Neorez 1080 (a waterborne polyurethane) and 
Joncryl 587-AC (a solvent borne polyurethane). Each coating was tested in each environment 
using electrochemical impedance spectroscopy (EIS) measurement which presented a total of 
four data sets. The equivalent circuit modeling was used to fit the EIS data in order to study the 
physical behavior of the coating. The conclusion is that a sodium chloride solution will cause 
rapid coating failure compared to DI water for the two types of coatings evaluated in this project. 
 
